Introduction {#Sec1}
============

Sleep is vital to supporting virtually all aspects of human health. In particular, insufficient or disturbed sleep may play an important role in the development of cardiometabolic disease^[@CR1]^. Cardiometabolic diseases, including cardiovascular illness and type 2 diabetes, are leading causes of disability and death in the United States and worldwide, and are associated with significant socioeconomic costs and high rates of health care utilization^[@CR2],[@CR3]^. Thus, early identification of individuals at risk for cardiometabolic illness is of high priority for the field of medicine, as implementation of preventative measures for identified individuals may have a significant, positive impact on individual patients' health and quality of life as well as society more broadly^[@CR4]^. Sleep problems represent one possible target which may aid in the identification of individuals at risk for cardiometabolic disease and provide an opportunity for preventative intervention^[@CR1]^.

Sleep in humans is physiologically complex and is traditionally conceptualized as regulated by two processes -- the sleep homeostasis drive (Process S), which is the accumulating pressure to sleep that increases over a period of wakefulness, and circadian rhythms (Process C), which are endogenous \~24 hour oscillations in alertness and sleep propensity that synchronize with the solar light/dark cycle^[@CR5]^. There is evidence to implicate disruptions to both processes in cardiometabolic disease^[@CR1]^. For example, both short and long sleep durations and poor sleep quality have been linked to increased incidence of cardiovascular disease, obesity, insulin resistance, and type 2 diabetes^[@CR6]--[@CR9]^. Similarly, circadian timing misalignment, in which there is a mismatch either between an individual's internal circadian rhythm and social time or between an individual's internal central and peripheral circadian rhythms, as well as later diurnal preference (i.e., eveningness), may also predispose individuals for cardiometabolic risk independently of the effect of sleep loss^[@CR10]--[@CR12]^.

An emerging aspect of sleep -- the *regularity* of sleep/wake patterns -- may also be important for supporting health. Specifically, individuals vary in the extent to which they are asleep and awake at the same times on a day-to-day basis, and frequent changes to the timing of sleep may contribute to circadian misalignment, as the intrinsic circadian system is slow to accommodate sleep schedule changes^[@CR13]^. There is accumulating evidence -- largely from studies with individuals engaged in rotating shift work -- to suggest associations between irregular sleep/wake patterns and cardiometabolic disease^[@CR14]--[@CR17]^; however, it is unclear how generalizable these findings are to the majority of adults, who have more regular work schedules but may still display irregular sleep patterns, or older individuals, who have retired from the workforce. There is also some initial evidence from studies using self-reports, sleep diaries, and/or actigraphy linking sleep/wake irregularity to weight gain, obesity, insulin resistance, and cardiometabolic illness^[@CR18]--[@CR23]^. However, measures of sleep irregularity used to date may not assess extremely irregular sleep or capture rapid changes in sleep timing, which are believed to have the largest impact on regulation of the circadian system^[@CR24]^.

Thus, one barrier to furthering understanding of the relationship between sleep/wake regularity and cardiometabolic illness has been the need for a measure of sleep/wake regularity that captures rapid changes in sleep timing and can also be applied to the wider adult population who have a variety of work schedules and/or are no longer in the workforce. In 2017, Phillips and colleagues proposed a novel metric for assessing this construct, the Sleep Regularity Index (SRI), which is defined as the percentage probability of a person being asleep (or awake) at any two time points 24 hours apart. The SRI differs from previous approaches in that it 1) does not require a main sleep period (and thus, is valid for use with individuals who have multiple sleep periods within a 24 hour period), and 2) is designed to capture rapid changes in sleep schedules, as it uses a day-to-day timescale^[@CR24]^.

In their paper, Phillips and colleagues provided validation of the SRI in college students, and showed that the SRI is independent of sleep duration but associated with poorer subjective sleep quality and circadian misalignment (e.g., later mid-sleep time, greater "eveningness" diurnal preference). In addition, irregular sleepers, as identified by the SRI, slept less during the night and more during the day (i.e., naps) and exhibited different patterns of light exposure, including a lower amplitude of the light/dark cycle (suggesting a smaller difference in daytime and nighttime light exposure), less daytime light exposure, and more light exposure during the night, which in turn, appeared to contribute to delayed onset of melatonin secretion. Finally, greater irregularly in sleep/wake patterns was correlated with poorer academic performance, suggesting that sleep irregularity was associated with adverse consequences in their study^[@CR24]^.

The Phillips study highlights the SRI as an exciting new metric for assessing sleep/wake regularity; however, its utility is furthering research in sleep and cardiometabolic risk is yet unknown. First, their investigation used a small (n = 61) young adult sample (i.e., undergraduates at Harvard University) unlikely to reflect the racial/ethnic and socioeconomic diversity of adults in the U.S. at risk for cardiometabolic disease. Second, no study to date has examined relationships between the SRI and any physical health-related outcomes. Thus, the current study builds on prior literature in several important ways. First, this study aims to examine the external validity of the SRI in a large, racially/ethnically diverse sample of older adults drawn from the Multi-Ethnic Study of Atherosclerosis (MESA)^[@CR25]^. Based on the Phillips investigation, we hypothesized that sleep irregularity as measured by the SRI would be independent of sleep duration but related to delayed sleep timing in our sample. We also hypothesized that sleep irregularity would be associated with increased daytime sleepiness, greater daytime sleep, less direct light exposure, and decreased physical activity.

The second objective of the study was to examine relationships between the SRI and indices of cardiometabolic risk, including 10-year projected risk of developing cardiovascular illness, obesity, hypertension, and markers of type 2 diabetes, including fasting blood glucose and hemoglobin A1C. In addition, we investigated associations between the SRI and depressive symptoms and perceived stress, psychiatric symptoms which are found to have bidirectional associations with cardiometabolic illnesses^[@CR26]--[@CR28]^. Based on prior studies linking cardiometabolic disease and other measures of sleep irregularity, including rotating shift work, we hypothesized that sleep irregularity as measured by the SRI would be associated with 10 year risk of cardiometabolic disease as well as greater body mass index (BMI), hypertension, fasting blood glucose, and hemoglobin A1C. We also explored relationships between SRI and prevalent cardiovascular and metabolic diseases. Finally, we hypothesized that sleep irregularity would be associated with increased self-reported symptoms of depression and perceived stress.

Methods {#Sec2}
=======

Sample and Procedure {#Sec3}
--------------------

The current investigation is based on the Multi-Ethnic Study of Atherosclerosis (MESA), a longitudinal observational study that enrolled adults ages 45--84 free of cardiovascular disease in four racial/ethnic groups (i.e., African-American, Chinese-American, Caucasian, and Hispanic) across six regions across the United States. Participants were followed prospectively to evaluate risk factors for cardiovascular disease^[@CR25]^. The baseline assessment occurred between the years of 2000 and 2002 (n = 6,814). The current analysis utilizes data collected as part of the MESA Sleep Ancillary Study^[@CR29]^ (which was obtained from the National Sleep Research Resource (NSRR)^[@CR30],[@CR31]^), which included a total of 2,156 individuals who completed actigraphy and self-report measures. MESA participants who reported regular use of oral devices, nocturnal oxygen, or nightly positive airway pressure were excluded from participation, and additional participants lived too far away or declined to participate in the Sleep Ancillary Study^[@CR29]^. Measures included actigraphy and self-reported measures of daytime sleepiness and diurnal preference. Indices of cardiometabolic risk and psychiatric health were collected during the MESA Exam 5 assessment. Data from the Sleep Ancillary Study and MESA Exam 5 occurred between the years 2010 and 2012.

Data from the MESA Sleep Ancillary Study used in the current study are publically available from the National Sleep Research Resource repository. Data from MESA Exam 5 are available from the National Heart, Lung, and Blood Institute Biologic Specimen and Data Repository Information Coordinating Center (BioLINCC) but restrictions apply to the availability of these data, which were used under license for the current study, and so are not publicly available. Data are however available from the authors upon reasonable request and with permission of NHLBI BioLINCC. Institutional Review Board approval was obtained at each MESA study site (Wake Forest University School of Medicine, University of Minnesota, Northwestern University, Columbia University, Johns Hopkins University, and University of California -Los Angeles), and all research was performed in accordance with relevant guidelines and regulations. Written informed consent was obtained from all MESA participants.

Measures {#Sec4}
--------

### Actigraphy {#Sec5}

Actigraphy measures of sleep/wake indices, physical activity, and light exposure were collected using the ActiWatch Spectrum (Philips Respironics), a wrist-worn device measuring physical activity and ambient light^[@CR29]^. Participants wore this device for seven consecutive days while also completing a standard sleep diary^[@CR32]^. Actigraphy data were aggregated in 30-second epochs and scored manually as sleep or wake using a procedure published by the NSRR and based on (a) the sleep diary, (b) activity and ambient light data from the ActiWatch device, and (c) an event marker on the ActiWatch device^[@CR30]^. Participants were instructed to press the event marker when going to sleep for the evening and when awoken in the morning. To ensure adequate data collection to calculate the SRI, participants must have worn the ActiWatch device for at least five valid wear days, including at least one weekend day, to be included in the current study. Days with \>2 hours of no recording (i.e. device off or not worn) were also ruled invalid and did not count toward the preceding criterion. One-hundred and eighty-one individuals were excluded based on these criteria, resulting in a final sample size of 1,978.

### Daytime Sleepiness and Diurnal Preference {#Sec6}

Daytime sleepiness was assessed using the self-report Epworth Sleepiness Scale (ESS), which utilizes a Likert scale (0--3) to measure excessive daytime sleepiness using eight scenarios. Scores derived from the ESS range from 0--24 with higher scores indicating greater daytime sleepiness. The ESS is a reliable, valid measure for use with adults with and without sleep disorders^[@CR33]^. Diurnal preference was evaluated using a modified 5-item version of the Horne-Ostberg Morningness-Eveningness Questionnaire (MEQ), with a possible range of 4--25. Lower scores indicate greater tendency toward eveningness while higher scores reflect greater preference for morningness^[@CR34]^.

### Cardiovascular Disease and CVD Risk Factors {#Sec7}

Cardiovascular and metabolic disease prevalence by Exam 5 was assessed as well as cardiovascular disease risk factors, including: systolic and diastolic blood pressure, low and high -density lipoprotein cholesterol (LDL-C and HDL-C) levels, triglycerides, diabetes status as determined by 2003 ADA fasting criteria^[@CR35]^, metabolic syndrome by 2004 NCEP guidelines^[@CR36]^, hemoglobin A1c, Body Mass Index (BMI), obesity (BMI ≥30 kg/m^2^), hypertension treatment status, coronary artery disease (prior myocardial infarction, coronary revascularization, or angina), cerebrovascular disease (prior stroke or transient ischemic attack), deep vein thrombosis pulmonary embolism (DVT/PE), coronary heart disease (CHD), and congestive heart failure (CHF). Among those free of cardiovascular disease (CVD), 10-year risk of atherosclerotic CVD (ASCVD) was calculated using the Pooled Cohorts Equations defined by the 2013 ACC/AHA guidelines^[@CR37]^. This model predicts risk of a first hard ASCVD event -- defined as nonfatal myocardial infarction, CHD death, or fatal or nonfatal stroke -- for persons without a prior event based on demographics, blood cholesterol and blood pressure measurement, and elements of the medical history (e.g. smoking, diabetes). Ten-year ASCVD risk was also converted to age-, sex-, and race-specific percentiles^[@CR38]^.

### Psychiatric Health {#Sec8}

The Center for Epidemiologic Studies Depression (CES-D) Scale was used as the measure of depressive symptom severity. The CES-D is a 20-item scale assessing symptoms of depression over the last week using a 0 to 3 scale. Scores range between 0 and 60 with higher scores indicating greater severity of depressive symptoms. The CES-D is associated with good reliability and validity for cross-cultural use in community-based samples^[@CR39],[@CR40]^. Stress was evaluated using the 4-item Perceived Stress Scale (PSS-4), which assesses frequency with which situations in one's life are experienced as stressful on a 5-point Likert scale. Scores range from 0 to 16, and the PSS is associated with good reliability and validity in community samples^[@CR41]^.

Calculation of Sleep Regularity Index (SRI) and other sleep indices {#Sec9}
-------------------------------------------------------------------

The Sleep Regularity Index (SRI) was originally described as "the likelihood that any two time-points (minute-by-minute) 24 hours apart were the same sleep/wake state, across all days^[@CR24]^". Our calculation uses the 30-second epochs from MESA actigraphy files but otherwise follows this description. Given *N* days of recording divided into *M* daily epochs, suppose *s*~*i,j*~ = 1 if the participant was sleeping on day *i* in epoch *j*, and *s*~*i,j*~ = 0 if they were awake. Then, the SRI was calculated as equation ([1](#Equ1){ref-type=""}):$$\documentclass[12pt]{minimal}
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Regarding other sleep-related variables, sleep duration (total sleep time; TST) was calculated as average daily (24-hour) sleep time in minutes in equation ([2](#Equ2){ref-type=""}), i.e.$$\documentclass[12pt]{minimal}
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Sleep midpoint, our index of sleep timing, was calculated as a mean of circular quantities (appropriate for time of day) using the following equation ([3](#Equ3){ref-type=""}), where *t*~*j*~ denotes time of day in minutes at epoch *j*:$$\documentclass[12pt]{minimal}
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Finally, average daily activity was calculated as the sum of all activity counts divided by *N* days.

Statistical Analyses {#Sec10}
--------------------

Analyses were conducted in Python 3.5 with SciPy^[@CR42]^ and Matplotlib^[@CR43]^. Associations between sleep indices (SRI, TST, midpoint) and numeric clinical variables -- including age, BMI and cardiometabolic risk, and measures of psychiatric health -- have been quantified as partial linear correlations with age, sex, and race/ethnicity as control variables. Partial correlations were calculated as the Pearson correlation between residuals following multiple regression of both variables of interest on the control variables. Relationships between pairs of actigraphy-derived values (sleep indices and physical activity) have been reported as raw Pearson correlations to illustrate direct, mathematical relationships between these calculated quantities. Pearson correlation was also used to quantify associations between sleep indices and the aforementioned age, sex, and race-stratified risk percentiles, as controlling for these demographics a second time via partial correlation would not be appropriate. Second-order (quadratic) relationships between sleep indices and cardiometabolic variables were assessed by applying quadratic regression to residuals obtained after multiple regression of both variables of interest on the control variables. Examining second-order relationships was particularly important for sleep duration and cardiometabolic risk, as both long and short sleep durations have been tied to increased mortality from cardiovascular disease^[@CR6]^.

Sleep indices have also been compared between groups defined by categorical clinical variables (e.g. hypertension, cardiometabolic disease). These comparisons were made by nonparametric Mann-Whitney U test unless normality was established by Kolmogorov-Smirnov test, in which case a t-test was used. Numeric clinical variables have also been compared between irregular sleepers, defined as participants with SRI values in the first quintile, and regular sleepers, defined as participants with SRI values in the fifth quintile, as has been done previously^[@CR24]^. As before, comparisons were assessed by Mann-Whitney U test unless variables were normally distributed. Effect sizes have been quantified using Cohen's *d* metric^[@CR44]^. Relationships between pairs of categorical variables (e.g. educational status vs SRI group) have been quantified by chi-square test. Note that the central tendency of non-normal and ordinal variables (including SRI) has been assessed using the median rather than the mean.

Due to the large number of comparisons in this analysis (approximately 400) as well as the substantial statistical power of this dataset, relationships are considered statistically significant only when p \< 10^−4^ (i.e. Bonferroni correction). Trends not satisfying this criterion have been identified in the analyses of prevalent disease due to the comparatively modest number of participants in each disease category.

Results {#Sec11}
=======

External Validation of the SRI in the MESA sample {#Sec12}
-------------------------------------------------

### Associations between SRI and demographic variables {#Sec13}

SRI values ranged from 6.2 to 97.0 (mean 71.6 ± 14.5), and were negatively skewed (median = 74.7) and non-normal (p \< 10^−4^). SRI values of 60.8 and 84.0 defined the 20^th^ and 80^th^ percentiles, respectively, and were used to group participants as irregular (SRI \< 60.8) and regular (SRI ≥ 84.0). See Supplementary Fig. [S1](#MOESM1){ref-type="media"}.

Table [1](#Tab1){ref-type="table"} describes demographic characteristics for the overall sample as well as group differences in demographic variables between irregular and regular sleepers. Regarding demographics, SRI trended toward being higher in women (mean 72.4 ± 13.9) than in men (mean 70.7 ± 15.2) (p = 0.021) and decreasing with age (r = −0.058, p = 0.001), but neither was statistically significant after Bonferroni correction. Similarly, while SRI trended toward being higher among individuals in the workforce (including full- and part-time employment) than those not currently working, this difference did not reach statistical significance after correcting for multiple comparisons (p = 0.004). SRI did not differ by educational status (p = 0.69).Table 1Demographic characteristics among all participants as well as irregular sleepers (individuals in the first quintile based on SRI) and regular sleepers (fifth SRI quintile).All (n = 1978)Irregular (n = 396)Regular (n = 396)p-valueMean (SD) \[Range\]  Age68.7 (9.2)\[54--93\]69.6 (10.1)\[54--93\]68.0 (8.8)\[54--90\]0.001N (%)  Sex (Female)1063 (54%)188 (47%)221 (56%)0.022  Racial/Ethnic Group \< 10^−4^  *Caucasian*762 (39%)92 (23%)209 (53%)  *Chinese-American*205 (10%)36 (9%)36 (9%)  *African-American*561 (28%)171 (43%)67 (17%)  *Hispanic*449 (23%)96 (24%)84 (21%)Highest Education Completed0.69  *No Degree*274 (14%)58 (15%)49 (12%)  *High School Degree/GED*325 (16%)78 (20%)69 (17%)  *Some College, No Degree*321 (16%)61 (15%)57 (14%)  *College Degree (2 or 4 year)*658 (33%)129 (33%)137 (35%)  *Graduate or Professional School*396 (20%)68 (17%)83 (21%)Employment Status0.004  *Homemaker*178 (9%)37 (9%)35 (9%)  *Currently Working*1042 (53%)187 (47%)205 (52%)  *Not Currently Working*106 (5%)37 (9%)16 (4%)  *Retired*646 (33%)134 (34%)138 (35%)

However, differences between the four racial/ethnic groups were statistically significant: SRI was lower among African-American participants compared to all other groups (p \< 10^−5^) and lower among Hispanic participants compared to Caucasian participants (p \< 10^−5^), with a trend observed between Chinese-American and Caucasian participants (p = 0.0008), suggesting greater sleep irregularity among minority individuals compared to Caucasians.

### Relationships between the SRI and TST, sleep timing, and physical activity {#Sec14}

SRI was not significantly correlated with TST (r = −0.051, p = 0.022, Fig. [1](#Fig1){ref-type="fig"}), but was negatively correlated with sleep midpoint (r = −0.227, p \< 10^−23^; Supplementary Fig. [S2](#MOESM1){ref-type="media"}), meaning that those with less regular sleep tended to sleep later in the day. SRI was also positively correlated with average daily activity (r = 0.192, p \< 10^−17^; Supplementary Fig. [S3](#MOESM1){ref-type="media"}), showing that those with more regular sleep tended to be more active. Group comparisons indicated that irregular sleepers had a later sleep midpoint compared to regular sleepers, but similar TST. Irregular sleepers were also less physically active compared to regular sleepers. See Table [2](#Tab2){ref-type="table"}.Figure 1Panel A: Relationship between SRI and TST and illustration of the effect of daily sleep/wake patterns on SRI using four example subjects. Panels B and C: Daily schedules for two irregular sleepers. Panels D and E: Daily schedules for a regular sleeper and a participant not in either group. Results from the current analysis are shown, but the design of this figure is based on a similar figure created by Phillips *et al*.^[@CR19]^.Table 2Group differences in sleep-related variables among irregular and regular sleepers.IrregularRegularp-valueCohen's dMedian (IQR)Actigraphy MeasuresTotal Sleep Time (minutes)954.3 (284.1)961.2 (149.2)0.6040.089Sleep Midpoint (clock time)03:36 am (2:17)02:59 am (1:14)\<10^−9^0.426Physical Activity (counts in thousands)184.3 (108.8)229.3 (97.1)\<10^−13^0.517Sleep in Clock Day (minutes)76.0 (79.2)8.9 (18.9)\<10^−20^1.543Sleep in Clock Night (minutes)410.7 (123.2)469.8 (66.2)\<10^−20^0.889Daily Light Exposure (minutes \>250 lux)85.2 (108.3)133.4 (140.8)\<10^−11^0.489Self-Report Measures  ESS6 (6)4 (5)\<10^−15^0.595  MEQ17 (5)18 (5)\<10^−4^0.315

### Relationships between the SRI and daytime sleepiness and diurnal preference {#Sec15}

SRI was negatively and significantly correlated with daytime sleepiness (pr = −0.200, p \< 10^−18^) and the group difference in median ESS score between irregular sleepers and regular sleepers was statistically significant. SRI was also significantly correlated with diurnal preference (pr = 0.150, p \< 10^−10^), with more irregular sleep patterns associated with greater preference for eveningness. The group difference in median MEQ score among irregular sleepers compared to regular sleepers was statistically significant. See Table [2](#Tab2){ref-type="table"}.

### Group differences in sleep timing and light exposure {#Sec16}

Irregular sleepers were delayed in their sleep patterns, with less sleep during nighttime hours (clock night = 22:00 pm--10:00 am) and more sleep during daytime hours (clock day = 10:00 am--22:00 pm). Specifically, on average, irregular sleepers slept for 65 minutes more during the clock day and 59 minutes less during the clock night compared to regular sleepers. In addition, irregular sleepers tend to be exposed to fewer minutes of light (\>250 lux). On average, irregular sleepers were exposed to 48.2 fewer minutes of light per day than regular sleepers. See Fig. [2](#Fig2){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}.Figure 2Sleep/wake and light/dark patterns for irregular and regular sleepers. Panel A: Direct light exposure by hour. Panel B: sleep by hour.

Associations between sleep regularity and cardiometabolic profile {#Sec17}
-----------------------------------------------------------------

### Relationships between sleep regularity and cardiovascular risk {#Sec18}

Ten-year risk of atherosclerotic cardiovascular disease (ASCVD) was significantly correlated with SRI (pr = −0.133, p \< 10^−8^) among participants without prevalent ASCVD. Further, converting these risk scores to relative risk stratified by race, sex, and age revealed an even stronger association with SRI (r = −0.164, p \< 10^−8^). ASCVD risk was not significantly associated with sleep midpoint (pr = 0.016, p = 0.486) or TST (pr = 0.032, p = 0.155). There was a statistically significant second-order (quadratic) relationship between risk and TST (p \< 10^−4^), but the conversion to relative risk eliminated this relationship (p = 0.296). ASCVD risk and cardiometabolic variables are compared between irregular sleepers and regular sleepers in Fig. [3](#Fig3){ref-type="fig"} and Table [3](#Tab3){ref-type="table"}.Figure 3Age, sex, and race-stratified ASCVD risk percentile by SRI group among participants without prevalent ASCVD.Table 3Group differences in ASCVD risk and cardiometabolic variables among irregular and regular sleepers.IrregularRegularp-valueCohen's dMedian (IQR)10-year ASCVD Risk0.162 (0.236)0.109 (0.158)\<10^−7^0.379Stratified ASCVD Risk Percentile46.0 (58.5)22.0 (46.0)\<10^−9^0.553Seated Systolic Blood Pressure (mmHg)121.5 (26.0)117.0 (24.5)0.00040.283Seated Diastolic Blood Pressure (mmHg)68.5 (14.9)66.5 (12.0)0.00610.225BMI (kg/m^2^)29.7 (7.7)27.0 (7.2)\<10^−7^0.391Serum Hemoglobin A1C6.0 (0.9)5.7 (0.5)\<10^−10^0.449Fasting Blood Glucose (mg/dl)99.0 (23.0)94.0 (14.0)\<10^−6^0.356

Lower SRI was also associated with higher BMI (r = −0.139, p \< 10^−9^, pr = −0.124, p \< 10^−7^), higher hemoglobin A1C (pr = −0.138, p \< 10^−9^), and higher fasting blood glucose (pr = −0.105, p \< 10^−5^). Sleep midpoint and TST were not significantly associated with BMI (pr = 0.069, p = 0.002; and pr = −0.005, p = 0.808, respectively), hemoglobin A1C (pr = 0.060, p = 0.009; pr = 0.028, p = 0.219, respectively), or fasting blood glucose (pr = 0.054, p = 0.016; pr = 0.041, p = 0.067, respectively). Similarly, in terms of group comparisons, irregular sleepers displayed greater BMI, hemoglobin AIC, and fasting blood glucose than regular sleepers. See Table [3](#Tab3){ref-type="table"}.

### Associations between SRI and Cardiometabolic Disease {#Sec19}

SRI was significantly lower among participants with metabolic syndrome (median = 71.7) compared to those without (median = 76.2) (p \< 10^−8^); lower among those with hypertension (median 72.9) versus those without (median 76.8) (p \< 10^−7^); lower among those with diabetes mellitus (median = 68.5) versus those without (median = 75.8) (p \< 10^−12^); and lower among those with obesity (BMI ≥30) (median = 72.6) versus those without (median = 75.8, p \< 10^−6^). TST also differed by hypertension status (median 487 versus 475 minutes, p \< 10^−4^), with those with hypertension getting more sleep on average, and sleep midpoint differed by obesity status (median 03:05 am versus 03:18 am, p \< 10^−4^), with those with BMI ≥30 having a later midpoint. Otherwise TST and sleep midpoint did not differ between the aforementioned groups (p \> 10^−4^).

Trends were observed between participants with/without prevalent CHF (29 participants; median SRI 67.3 and 74.3, respectively; p = 0.005), documented DVT/PE (29 participants; median SRI 66.0 and 74.7, respectively; p = 0.015), and prevalent CHD (77 participants; median SRI 69.4 and 74.9, respectively; p = 0.017); but not ASCVD (93 participants; median SRI 71.2 and 74.8, respectively; p = 0.198). In contrast, a trend in TST was observed only between subjects with/without prevalent ASCVD (93 participants; median TST 8:21 and 8:01, respectively; p = 0.045). No other trends in TST or sleep midpoint were observed between these groups (p \> 0.05). To compliment these analyses, Fig. [4](#Fig4){ref-type="fig"} compares rates of diabetes, obesity, hypertension, DVT/PE, CHF, and ASCVD between irregular and regular sleepers. Rates of obesity and diabetes mellitus differ between irregular and regular sleepers (p \< 10^−4^), and trends in rates of hypertension and CHF were also observed (p \< 0.05).Figure 4Proportion of participants in each SRI group with diabetes mellitus, obesity (BMI ≥ 30 kg/m^2^), and hypertension (Panel A) as well as cardiovascular disease (includes coronary heart disease, stroke, stroke death, other atherosclerotic death, and other cardiovascular disease death), congestive heart failure, and deep vein thrombosis/pulmonary embolism (Panel B). The downward trends show that subjects with less regular sleep (lower SRI) were more likely to have experienced these events.

### Associations between SRI and psychiatric health {#Sec20}

Controlling for age, sex, and race, lower SRI was significantly associated with increased self-reported depressive symptom severity (pr = −0.132, p \< 10^−8^) and perceived stress (pr = −0.100, p \< 10^−4^). In contrast, TST, sleep midpoint, and total daily activity were not significantly associated with either outcome (p \> 10^−4^). Regarding group comparisons, irregular sleepers tended to have higher scores on the CES-D compared to regular sleepers (p \< 10^−6^). SRI group (irregular/regular) was significantly associated with CES-D score ≥ 16, the standard cutoff for predicted depression (p \< 10^−5^). Indeed, irregular sleepers had 2.53 increased odds of exceeding the CES-D cutoff (95% CI 1.67--3.84) compared to regular sleepers. See Fig. [5](#Fig5){ref-type="fig"}.Figure 5Group differences in depression among irregular and regular sleepers.

Discussion {#Sec21}
==========

This study is the first to examine 1) the external validity of a novel metric of sleep regularity, the SRI, in racially/ethnically-diverse older adults and 2) associations between the SRI and physical health outcomes, specifically cardiometabolic risk. Regarding the first aim, results suggested that sleep irregularity was associated with delayed sleep timing and eveningness preference but was independent of sleep duration. In addition, irregular sleep/wake patterns were related to reduced physical activity, increased daytime sleep and sleepiness, and reduced light exposure. These findings are highly consistent with results reported by Phillips and colleagues in their college student sample, supporting the external validity of the SRI with older adults^[@CR24]^. Notably, the SRI differed significantly by racial/ethnic identity in the current study, with Caucasian Americans displaying the highest sleep regularity and African Americans exhibiting the greatest sleep irregularity. This pattern is similar to a prior report, which has also shown an association between sleep irregularity and minority race using another metric of sleep regularity (i.e., variability in sleep duration)^[@CR45]^.

In regard to the second objective, results revealed significant relationships between sleep irregularity and indices of cardiometabolic risk, including obesity and higher levels of fasting blood glucose and hemoglobin AIC. In addition, sleep irregularity was associated with higher projected risk of developing atherosclerotic cardiovascular disease over the next decade, and individuals with hypertension and/or metabolic disease displayed higher sleep irregularity than those without. Greater sleep irregularity was further correlated with increased depression severity and perceived stress, aspects of psychiatric health known to have bidirectional relationships with cardiometabolic disease. Finally, trends were observed between greater sleep irregularity and prevalent congestive heart failure, prevalent coronary heart disease, and documented deep vein thrombosis and/or pulmonary embolism.

These results support and extend prior literature linking irregular sleep/wake patterns to increased cardiometabolic risk in adults. First, the current study suggests that relationships between sleep irregularity and cardiometabolic risk extend beyond individuals with rotating shift work schedules to the broader population who may have more stable work patterns and/or have left the work force. Second, this investigation suggests that the SRI, a novel measure designed to detect rapid changes in sleep schedules as well as adequately characterize the sleep/wake patterns of extremely irregular sleepers, is sensitive to capturing sleep/wake irregularity that may confer risk for developing cardiometabolic disease. This finding dovetails with prior studies linking various indices of sleep irregularity -- such as social jetlag, bedtime variability, standard deviation of bedtime, standard deviation of mid-sleep time, and standard deviation of sleep duration -- to indices of cardiometabolic health^[@CR18]--[@CR23]^. Although our findings linking the SRI and cardiometabolic risk support the external validity of the measure, the relative sensitivity of the SRI compared to other measures of sleep irregularity in predicting health outcomes remains an open question and should be the focus of future study.

Interestingly, more frequently studied indices of sleep/wake functioning, including sleep duration and sleep timing, were less often significantly related to cardiometabolic outcomes than sleep regularity in the current study. Increased sleep duration was observed in individuals with hypertension compared to those without, and obese individuals evidenced a later sleep midpoint than non-obese individuals. There were also trends toward relationships between insufficient sleep duration and/or delayed sleep timing and several other indices of cardiometabolic risk in expected directions. In general, however, associations between cardiometabolic risk and sleep duration/timing were less robust than associations with sleep regularity. This pattern of results highlights the importance of considering regularity in addition to sleep duration, quality, timing, and diurnal preference when assessing potential links between sleep and cardiometabolic illness, and indeed, future work should investigate the relative contributions of each of these aspects of sleep/wake function -- and possible interactions among them -- to cardiometabolic risk.

Our findings have important research and clinical implications. First, this study highlights the utility of the SRI for measuring sleep regularity in adults across the lifespan and from a variety of backgrounds. Second, results highlight sleep irregularity as a possible risk factor for cardiometabolic disease. Although the direction of the relationship is yet unknown (i.e., sleep irregularity may result in cardiometabolic risk or vice versa, or the association may be bidirectional), there is some evidence from animal and human studies to suggest that sleep/wake disturbances may directly confer risk for cardiometabolic illness through several mechanisms, including interference with energy metabolism, glucose metabolism, and timing of food intake and their resulting impact on body composition^[@CR1]^. In addition, sleep irregularity was associated with increased stress and depression in this study, which may suggest additional mechanisms through which sleep irregularity may contribute to cardiometabolic risk, as stress and depression are also associated with 10-year risk of cardiovascular disease and appear to play causal roles in illness onset^[@CR46],[@CR47]^.

Thus, sleep irregularity may represent a potential target for early identification of individuals at risk for cardiometabolic disease and provide opportunities for prevention and intervention efforts, and indeed, recent technological innovations may facilitate detection and treatment opportunities in the broader population. For example, advances in sleep/wake pattern detection using smartphones are underway and may aid in detection of sleep irregularity^[@CR48]^. In addition, brief behavioral treatments such as cognitive-behavioral therapy for insomnia (CBT-I) enhance sleep/wake regularity by specifying consistent bed- and rise-times and can be effaciously delivered via the internet, increasing access to the public^[@CR49],[@CR50]^. Future research is necessary to elucidate the utility of emerging technologies in identifying and ameliorating irregular sleep/wake patterns conferring risk for cardiometabolic illness.

This study is subject to several limitations. First, analyses were largely cross-sectional. Thus, the current study does not shed light on the direction of causation in the associations between sleep irregularity and cardiometabolic risk. Second, although this investigation utilized a large sample, analyses investigating associations between sleep irregularity and prevalent cardiovascular and metabolic diseases were underpowered due to the low base rate of these diseases experienced by participants. Future studies utilizing a longitudinal design assessing both sleep irregularity and indices of cardiometabolic risk at each time point may clarify both causal mechanisms as well as relationships between sleep irregularity and cardiometabolic disease.

Third, it is notable that we were unable to exclude shift workers from our analyses, as work schedule information was not collected as part of MESA. Although this represents a potential confound, as shift workers are at elevated risk for cardiometabolic outcomes^[@CR14]--[@CR17]^, we believe this to be unlikely in the current study given the large proportion of our sample not in the workforce (47%), the relatively low rate of shift work among those with fulltime employment in the U.S. population (15%)^[@CR51]^, and our finding in the present study that employed individuals in general displayed relatively *better* sleep regularity compared to those not in the workforce. Nonetheless, individuals' engagement in shift work should be considered in future studies assessing sleep regularity and cardiometabolic outcomes in adults. Finally, it is notable that in the original investigation of the SRI conducted by Phillips and colleagues, SRI was shown to be related to delayed circadian phase, as indicated by timing of endogenous melatonin rhythms, among college students, which may be due to insufficient daytime light exposure among irregular sleepers^[@CR24]^. Future studies should assess whether an analogous relationship exists between the SRI and circadian phase among older, racially/ethnically diverse adults using dim-light melatonin onset (DLMO) and related methods.
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